This is typically a micrometer, let's say, and that is a few thousand angstroms. You dope only the gallium/aluminum arsenide. This is the conduction band. What happens is that these donors here (they are still neutral) find lower energy states right here in the gallium arsenide.
However, this sets up a dipole; so, in equilibrium things look like this. There is a two-dimensional channel here with a typical extent of about 100 A. There are some ionized donors here and some neutral donors out here. This is the interface between gallium arsenide and gallium/aluminum arsenide. Now, those are the two-dimensional systems that we are looking at. Most of the data you see now are taken on these, and they give you the highest mobility. They give you up to 5 million; that is the record now. Typical densities are about 1 x 101l per cm2, so that the distance between two electrons is about 300 A.
The optical experiments cannot be done this way because, when you do an optical experiment, you shine light on it; you create an electron, the hole zips up here (see Fig. 1 ), and you cannot see luminescence. Therefore, the optical experiments are performed in systems that are in deep multiquantum wells (Fig. 2) . Multiquantum wells look like this; they are also grown in molecular beam epitaxy. This is typically 100-200 A. This is typically about 500 A. Here you now can do optical experiments because the hole sticks to the electron.
LEONARD BRILLSON (Xerox, Webster, NY): My question is also regarding materials, and in particular, what other materials might show the fractional quantized Hall effect, perhaps at lower mobility and perhaps with higher magnetic field?
The product of mobility for most materials in 10-to 20-Tesla magnetic fields typically allows most materials to have cyclotron orbits, maybe one or two orbits, before they scatter. But as we heard at last week's now famous session on superconductivity, the critical current densities of some of the copper oxides are such that 20 Tesla constitutes no problem for superconducting magnets, and perhaps one might get to much higher magnetic fields of 60 Tesla, or maybe more.
The What Venkatesh (Venky) Narayanamurti and Jim Eisenstein tried and are still trying (and we are trying with this 5 million mobility again) is the following. This (Fig. 3) is the dispersion relation that Steve Girvin has shown you-there is a finite gap here. Essentially, you want to measure the dispersion relation in some way. If you have neutrons, great; you can put in any q you want. With optics, all we can do is essentially this. There is an optical transition here. We will not see the roton minimum, actually. We have a small chance of seeing it because that is a forbidden transition, but there is hope to see it anyway.
What Jim Eisenstein and Venky are trying is to use phonons, and by luck in the right magnetic field, itjust cuts about through like that. That is the phonon dispersion. So, by trying a phonon-scattering experiment or a phonon-absorption experiment, you might be able to measure this gap at some point; I mean, it is not generally directly at the minimum.
If you measure this gap, or actually this out here, by activation, you might find out that this is lower. There are lots of problems in making monochrometers for phonons at very low temperatures.
GIANFRANCO VIDALI (Syracuse University, Syracuse, NY): I am doing, also, some phonon physics, so my question is to the first speaker. Could you put some numbers on that transparency (the phonon dispersion curve), so I could see what kind of gap and magnetic field are required and also what kind of samples one needs-a quantum-well structure or a GaAs/GaAsAl superlattice. DR. STORMER: In general, if you want to have a good signal in optics or so, you might want to use the multiquantum wells just because you get a bunch ofthem rather thanjust one layer.
The typical dimensions (see Fig. 3 ) are this point taken horizontally about 100 A. The energy is probably 100-150 GHz.
ROBERT BIRGENEAU (Massachusetts Institute of Technology, Cambridge, MA): I have a question for Steve Girvin. I would like (to make sure that I understand it) to put his talk in the language that I used yesterday. Let me say what my understanding is. I understood that what you are saying is that you have identified a nonlocal order parameter, that you can look at the pair-correlation function for this nonlocal order parameter, and that this nonlocal parameter, over some distance, goes into an algebraic decay state. You used an old-fashion description for this, ODLRO (which is not used any more), to describe this algebraic decay state; however, there is not a Kosterlitz-Thouless transition into this state, but rather, at long enough distances, the pair-correlation function always decays exponentially with distance so that the Kosterlitz-Thouless temperature is T = 0. Presumably there is a different decay rate for different fractional fillings. DR. GIRVIN: That is correct. The pair-correlation function for this peculiar object (if you translate that back into the language of the original wave function for the particles, it is actually an N-body object) depends on the positions of all the particles. It is a little more complicated than that, but the idea is that, because the vortices have finite energy, then the Kosterlitz-Thouless temperature is effectively zero.
FRANK FEIGL (Lehigh University, Bethlehem, PA): Alan, I missed something you said at the end: you were talking about silicon devices, and you talked at the end about tunneling into a localized state having a very narrow energy distribution?
DR. FOWLER: This is tunneling between a source and drain across the surface, not through the oxide.
DR. FEIGL: You used the words, "these disordered systems." In that geometry, what disorder were you referring to? DR. FOWLER: The oxide gives a disordered conduction band to the silicon, the two-dimensional conduction band. It is basically the states in the band tail of the two-dimensional conduction band of the silicon that you are tunneling through. I was hopping through it in the other experiment.
DR. FEIGL: Would this be affected by some of what we were talking about privately earlier, the work that the Bell people have done on producing ordered overlayers? DR. FOWLER: There would be a lot less disorder. I think that the system ought to look more like gallium arsenide. He is talking about an experiment that was done by Abbas Ourmazd at AT&T Bell Laboratories, where they make very good interfaces of silicon and silicon dioxide. DR. STORMER: You were talking about multiquantum wells and the effect of having many layers. There is actually something that I have not mentioned (I noticed last night that I do not have the transparencies). There is an interesting factor-that is, all the systems that exhibit the quantized Hall effects were all two-dimensional systems, and two-dimensional systems, certainly, in the sense that there was no conductivity in the z direction.
Actually, that is not one of the conditions for the quantized Hall effect to occur. You can actually make this anisotropic but conducting in all the dimensions, and they are actually superlattice systems-superlattice in the sense that they are very thin wells and you can tunnel from one two-dimensional system into the next. They are not really two-dimensional systems; they have an anisotropic but three-dimensional dispersion relation.
These systems, too, show the quantized Hall effect. Two-dimensionality is not a prerequisite for the observation of the quantized Hall effect. There is an effect that is playing a big role. There is a superlattice effect that actually plays a role in these kinds of experiments.
DR. BRILLSON. How can it be that when you use GaAlAs with mobility less than 100,000 you do not see this effect, and yet in silicon with 2 orders of magnitude lower mobility you can see it?
DR. FOWLER: Basically, mass is higher in silicon, so scattering is still low.
DR. STORMER: Mobility is really not a good measure. Mobility is only a good comparison when you stay within one system. So, the ratio of the masses between silicon and gallium arsenide is about 3. My 100,000 is very rough. If you take 100,000, you go to the right magnetic field and the right density, and you still see the quantized Hall effect. (I talk about samples that are typically 3 x 1011 up to 20 Tesla.) You will not see it if you are much below 100,000 in gallium arsenide. DR. GIRVIN: The simplest thing to understand is that to have a finite conductivity means that when you have current flowing, energy is dissipated and there is a voltage drop in the direction of the current. That energy has to be dissipated into some sort of elementary excitation.
If there is a gap, a minimum energy, a quantum that the system can absorb, then at very low currents at low temperatures, you just cannot collect together the energy to create one ofthose. So, it flows without loss. That is how superconductors work and that is sort of how superfluids work.
DR. FOWLER: There are some interesting effects here, but I do not think they are well understood. One of the problems is that you again get back to this fluctuation problem. You make small samples and the fluctuations dominate what goes on, and it is very hard to figure the physics out, unless you can somehow ensemble-average the effects of the fluctuations.
DR. STORMER: There is one funny aspect about it. You say conductivity is so high. It is actually very low; o-r. conductivity is zero simultaneously with Pxx resistivity being zero.There is something funny going on in the magnetic field. DR. GIRVIN: That is right. It is a perfect insulator and a perfect conductor. DR. STORMER: There is a very simple picture for an understanding (Fig. 4) . Just take a classical electron in a magnetic field. This is the electron, and you have a magnetic field this way. You apply an electric field this way. What the electron does is it runs in this direction (whichever way it does that) but, you see, perpendicular to the electric field, and that is where I want to measure the current; the current is actually zero, and therefore, you measure no conductivity.
On the other side, if you want to measure resistivity, you want to run the current and look at the electric field. So, you run the current this way, in some way, but you see that there is no electric field dropping off along the current path. All of the electric field is dropping off in the other direction. Therefore, you do not see resistivity either. Symposium Paper: Discussion j
